Abstract Protease production by fourteen M. anisopliae isolates differing in geographical origin and host insect were investigated. Highest protease activity was observed during 4-8 days of culture incubation. Pr1 and Pr2 activity was investigated in various media containing different carbon and nitrogen source to evaluate the induction mechanism of these enzymes. Basal levels of Pr1 and Pr2 activity were observed in minimal medium suggesting constitutive production. Casein (1%) as an exogenous protein supplement was not able to induce significant release of Pr1 and Pr2 enzymes, whereas high levels of activity were observed in the medium containing colloidal chitin (2%) as sole carbon and nitrogen source. The pH, ammonia and oxalic acid production in in vitro conditions was also investigated and the alteration in pH for protease production was not significant in the different media used except for the medium containing casein (1%) as a supplement.
Introduction
The concern for the development of hyphomycete fungi as suitable biocontrol agent of insect pests leads to the isolation of various insect pathogenic fungi. Amongst them, one of the most studied entomopathogenic fungus is Metarhizium anisopliae and mycoinsecticides have been developed and registered worldwide for control of agricultural pests [1] . The major barrier against the insect infection is the complex nature of the host cuticle which is primarily composed of proteins and chitin [2] . The secretion of proteases is believed to be an important pathogenic factor for fungal attachment on cuticle [3] . The best understood model of a fungal determinant of entomopathogenicity is based on the subtilisin like endoprotease, designated Pr1 [4] . The role of the Pr2 protease in insect parasitism is not yet elucidated completely, although St. Leger et al. [5] reported that Pr2 as well the other cuticledegrading proteases may complement each other in the splitting of peptide bonds in the insect cuticle. St. Leger et al. [6] observed the regulation mechanism of Pr1 and Pr2 from M. anisopliae and reported the catabolic repression of the enzymes.
Regulation of gene expression by pH is observed in M. anisopliae that includes the cuticle-degrading subtilisin proteases and other putative virulence factors [7] . Subtilisins like proteases from M. anisopliae are only produced under alkaline conditions [8] . Ammonia production by M. anisopliae is tightly regulated by amino acids which as protein degradation products could serve as signals for the presence of proteinaceous nutrients in the environment [7] . Given that ammonium is linked with repression of several enzymes related with nitrogen metabolism, mutations in particular genes resulted in the derepression of the same including extracellular protease enzyme in some fungi. Although there are presumably additional regulatory mechanisms for instance oxidative deamination of the amino acids leading to ammonia accumulation in culture medium during fungal growth and subsequent increase in the pH favoring the protease production at basic pH [7, 9, 10] . In this study the variation in the proteolytic activity of fourteen M. anisopliae isolates was investigated for a period of 10 days to study the effect of incubation time on protease production. Subtilisin type Pr1 and trypsin like Pr2 activity of the high protease producing isolates was studied in media containing different carbon and nitrogen sources to elucidate the induction mechanism of these two enzymes. At the same time studies on pH, ammonia and oxalic acid release into the media and their effect on the Pr1 and Pr2 activity was also investigated.
Materials and Methods

Fungal Isolates and Culture Conditions
A total of 13 isolates were obtained from ARSEF (USDA-ARS Plant Protection Unit, Ithaca, NY) and one isolate was from India (Table 1 ). The isolates were routinely subcultured on Sabouraud Dextrose Agar (SDA) slants at 28°C and maintained at 4°C.
Seven day old SDA slants were used for the preparation of conidial suspension (1 9 10 6 conidia/ml) to inoculate SDY broth (4% Dextrose, 1% Peptone, and 1% Yeast extract) and incubated at 28°C and 180 rpm for 3 days. The harvested mycelium was washed twice with sterilized distilled water and inoculated into induction medium containing casein (1%) (Sigma) in basal salt medium (0.1% KH 2 PO 4 , 0.05% MgSO 4 , 0.05% NaCl) at 20% v/v based on the final volume (50 ml) of the culture for the determination of proteolytic activity. The pH of the culture media was adjusted to 8.0 and the cultures were incubated at 28°C and 180 rpm for a period of 10 days. The mycelia were harvested by centrifugation and the supernatant was assayed for proteolytic activity on alternate days of growth from second day till 10th day of culture.
For the determination of subtilisin (Pr1) activity and trypsin (Pr2) activity three different media, minimal media, minimal media supplemented with casein (1%) and colloidal chitin (2%) were used respectively and the pH was maintained at 7.0. For the enzyme production, conidia at a concentration of 1 9 10 6 conidia/ml were inoculated into each media (three replicates were maintained) and incubated as shake cultures at 180 rpm, 28°C for 72 h. The mycelia were harvested by centrifugation and the supernatants assayed for enzymatic activity (Pr1 and Pr2).
Enzyme Assays and Protein Determination
Proteolytic Activity
The protease assay was done by the method of Kunitz [11] . Casein substrate was prepared for enzyme assay by dissolving 2% casein (Sigma) in 0.01 M Tris HCl (pH 8.0) containing 10 mM CaCl 2 (pH 8.0). A 400 ll of casein substrate was added to the 200 ll of culture supernatant in 0.01 M Tris HCl pH 8, 10 mM CaCl 2. The reaction mixture was incubated at 35°C for 10 min and the reaction terminated by the addition of 1.2 M TCA. The reaction mixture was centrifuged at 4000 rpm for 5 min and the supernatant was taken and the absorbance at 280 nm (A 280 ) was observed against water as blank. One unit of protease activity was defined as the amount of enzyme that produced 1 mM of Tyrosine per minute under the above conditions.
Subtilisin (Pr1) and Trypsin (Pr2) Activity
The subtilisin (Pr1) activity and trypsin (Pr2) activity was assayed by the method of St. Leger et al. [12] . The Pr1 and Pr2 activity was assayed using specific synthetic substrates, N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide and Benzoyl- phenylalanine-valine-arginine-p-nitroanilide (BAPNA) respectively. Each substrate (50 ll) was mixed with 0.85 ml of Tris-HCl buffer (pH 8.5) and 100 ll of culture supernatant. The reaction mixture was incubated for 1 h at 28°C and the reaction was terminated using 0.25 ml of 30% acetic acid. Absorbance at 410 nm (A 410 ) was observed and concentration of para-nitro aniline was determined. One unit of protease activity was defined as the amount of enzyme that produced 1 lM of para-nitro aniline per minute under the above conditions. Protein content was measured by the method of Bradford [13] using Bovine Serum Albumin as a standard.
Quantification of Ammonia
Ammonia concentration was measured by the colorimetric method of Chaney and Marbach [14] . An uninoculated broth was used as a negative control. For this study two solutions were prepared, solution I (phenol 10 g/l, sodium nitroprusside 0.05 g/l) and solution II (NaOH 5 g/l, NaCl 0.42 g/l) and added in equal volumes to 1 ml of culture supernatant. Absorbance at 625 nm (A 625 ) was determined after incubating the solution at room temperature for 30 min.
Quantification of Oxalic Acid
Oxalic acid concentration was determined by the method of Yan et al. [15] . To the culture supernatant (1 ml), 1 M H 2 SO 4 , 400 ll of 0.03 M K 2 Cr 2 O 7 and 8 ml of dd H 2 O was added. After a gentle mix, 400 ll of 1 9 10 4 M Victoria blue B was added and the total volume of the solution were made to 10 ml by dd H 2 O. The solution was incubated for 9 min at 60°C. Mixture was cooled to quench the reaction with tap water for 2 min and absorbance at 610 nm (A 610 ) of the solution was determined.
Protease Activity Gel (GAGE)
Molecular weight of the native enzyme was observed using gelatin acrylamide gel electrophoresis. SDS-PAGE was performed on 12.5% gels containing 0.3% gelatin as a copolymerized substrate under non-reducing conditions. 2.5% Triton X-100 solution was used to remove SDS and renaturate the enzymes. Gels are then incubated in 0.01 M Tris-HCl (pH 8)-10 mM CaCl 2 , buffer at 37°C for 5-8 h. The gels were fixed and stained with Coomassie brilliant blue R-250. Clear proteolytic zones in the gel were visible against dark blue background.
Statistical Analysis
Statistical analyses were performed by SPSS software. Test of significance were carried out using Tukey's test.
Results and Discussion
The approach in the present study was to explore the proteolytic activities of several isolates of entomopathogenic fungus, Metarhizium anisopliae. The studies on various factors like pH, ammonia, oxalic acid concentration and Pr1 and Pr2 activities of the isolates screened based on the proteolytic activity was also carried out.
Proteolytic Activity
Variation in the time for maximum protease production was observed with different isolates. Most of the isolates showed high protease production during 6-8 day of culture. On the second day of incubation isolate UM6 showed highest enzymatic activity of 0.62 U/ml followed by isolate UM7 (0.57 U/ml), UM2 and UM9 (0.53 U/ml) and UM5 (0.51 U/ml). Isolates UM10, UM1 and UM2 showed a specific activity of 4.65, 4.14 and 4.12 mU/mg respectively ( Table 2 ). On the fourth day, isolate UM6 showed a maximum enzymatic activity of 1.19 U/ml and the specific activity on fourth day was high for isolates UM10 (7.16 mU/mg) and UM13 (5.08 mU/mg). Isolates UM6 (1.82 U/ml) and UM4 (0.96 U/ml) showed maximum enzyme activity on day six. Specific activity was high for isolate UM2 (9.81 mU/mg). On the eighth day of incubation isolate UM6 (1.04 U/ml) showed the maximum enzyme activity followed by isolates UM4 (0.96 U/ml) and the specific activity was high for the isolate UM2 (5.28 mU/mg). Few isolates showed high proteolytic activity on 10th day. Caseinolytic and elastolytic activity of an M. anisopliae isolate was observed to be high during 4-6 days of culture and then a steep decrease up to 16th day of culture and this probably may be due to increasing degree of autolysis of the aging culture [16] . Among the M. anisopliae isolates studied, isolate UM6 showed highest enzyme activity on all the days of culture incubation. High specific activities were observed on day six for most of the isolates studied.
An immense variation in the protease activity was observed among the fourteen M. anisopliae isolates. This variation might be attributed to the geographical origin of the isolates as four among the five high protease producing isolates viz. UM2, UM4, UM5 and UM6 were from Asian tropical regions (Philippines, Indonesia and India), although variation can not be correlated with the insect host. The insect host of isolates UM2, UM4 and UM6 belongs to the order Lepidoptera and isolate UM5 belongs to the order Coleoptera respectively. Interestingly isolates with a common insect host viz., Nilaparvata lugens, showed low to moderate protease activity. The time for maximum protease production does not necessarily depend upon the media constituents and Kucera [17] observed high amounts of protease release 3 days post inoculation in the media with different nitrogen sources. The caseinolytic activity can be attributed to the presence of Pr1 and Pr2 activity in the culture filtrate [12] . The high protease producing isolates were screened out based on the enzyme activity on sixth day and further Pr1 and Pr2 activity was determined along with pH, ammonia and oxalic acid production. The Pr1 and Pr2 activity in three different media with different carbon and nitrogen sources was investigated for the selected seven isolates.
pH, Ammonia, Oxalic Acid, Pr1 and Pr2 Activity in Minimal Medium
The use of minimal medium for protease production could possibly emulate the enzyme activity in the initial stages of host infection when readily metabolizable compounds are extremely low. All the isolates showed low levels of Pr1 and Pr2 activity in the minimal medium indicating that the production of this enzyme was constitutive. Similar results were obtained by St. Leger [6] where a rapid increase in Pr1 and Pr2 activity during carbon and nitrogen depression for an isolate of M. anisopliae was recorded. Constitutive production of protease was also found in Aspergillus sp. although an exception was observed for a B. bassiana isolate which showed decreased protease production in the absence of exogenous protein as inducer [18, 19] . High Pr1 activity was observed for isolate UM10 (1.16 U/ml) followed by isolate UM12 (0.530 U/ml). Specific activity was high for the isolate UM13 (0.36 U/ml), UM12 (0.34 U/ml) and UM10 (0.33 U/ml). No significant difference was observed in Pr2 activities for the seven isolates studied (Table 3) . Highest Pr2 activity was observed for isolate UM12 (0.18 U/ml), UM6 (0.17 U/ml) and UM13 (0.16 U/ ml). The specific activity was high for the isolates UM13 and UM12.
Genes that are involved in virulence and pathogenesis are often regulated by environmental signals like pH [20] . In this investigation, no correlation was observed in relation to the pH of the culture medium and subtilisin type protease production (Pr1) in minimal medium with the seven M. anisopliae isolates. The pH of the unbuffered media increased diminutively from the initial pH 7.0 and the low protease production could also be attributed to the production of oxalic acid in the media. Oxalic acid concentration was high in isolates UM12 (42.5 lg/ml), UM13 (39.05 lg/ml). Ammonia production was not detected in any of the isolates studied probably due to the presence of oxalic acid. pH, Ammonia, Oxalic Acid, Pr1 and Pr2 Activity in Minimal Medium Supplemented with Casein (1%) High Pr1 enzymatic activity was observed for isolate UM10 (2.44 U/ml) and specific activity was also high at 7.43 U/mg. The specific activity was high for isolate UM12 (1.40 U/mg) which was much lower than isolate UM10 (Table 4) . Isolates UM4 and UM6 showed a very low Pr1 enzymatic and specific activity. Pr2 activity was high for the isolate UM10 (2.48 U/ml) higher than Pr1 activity. The specific activity was also high for the isolate UM10 when compared to other isolates. Isolate UM6 showed the lowest Pr2 enzymatic activity followed by isolates UM7 and UM4. Low levels of Pr1 and Pr2 activity were observed in medium II containing casein (1%) as sole source of carbon and nitrogen except for isolate UM10 which showed high levels of both Pr1 and Pr2 activity (2.44 U/ml and 2.48 U/ mg) respectively. Astoundingly specific activities of all the seven isolates were high for both Pr1 and Pr2 enzyme and this perhaps might be due to the exogenous protein supplement which was acting as an inducer for the enzyme production. Similar results of protease induction by protein were observed by Drucker [21] in Neurospora crassa. St. Leger et al. [6] reported that modifying the concentrations of carbon and nitrogen independently could repress protease production even in the absence of other repressor molecule. In this medium supplemented with casein (1%), low levels of ammonia were detected and oxalic acid was not produced unlike the minimal media. A significant change in the pH was noticed in all the isolates from the initial 7.0 and isolate UM10 which showed highest Pr1 and Pr2 activity showed an increase to 8.21 from the initial 7.0. The appearance of ammonia could possibly explain the increase in the pH of the medium as ammonia production by isolate UM10 (0.2238) was also highest compared to other isolates.
pH, Ammonia, Oxalic Acid, Pr1 and Pr2 Activity in Minimal Medium Supplemented with Colloidal Chitin (2%)
High levels of Pr1 production was observed in medium containing colloidal chitin (2%) as a sole carbon and nitrogen source. Chitin, the main constituent of insect cuticle enhances the Pr1 activity either by inducing the protease or possibly due to the inability to produce catabolite repression. The response of Pr2 activity was not the same for all the isolates as for Pr1 activity. Low to moderate Pr2 activity was observed among the different isolates. Isolate UM7 and UM13 showed highest Pr2 activity of 1.87 and 1.22 U/ml respectively on contrary a basal level of Pr2 production was observed for isolate UM6 (0.10 U/ml) and perhaps Pr2 induction in M. anisopliae is an isolate dependent event. Pr1 activity was highest for the isolate UM11 (4.52 U/ml) followed by isolate UM13 (4.46 U/ml). The other isolates showed a very close range in the Pr1 activity. The specific activity was high for the isolate UM4 (0.76 U/ml). The Pr2 activity was high for the isolate UM7 (1.87 U/ml) followed by isolate UM13 (1.22 U/ml). The specific activity was high for the isolate UM4 (0.18 U/mg) though the enzyme activity was low ( Table 5 ). The rest of the isolates showed very low specific activity for Pr2. A marginal change in the pH from initial 7.0 was observed with a maximum increase to 7.22 for isolate UM13 which showed highest Pr1 activity. Interestingly, in this medium supplemented with colloidal chitin (2%), low levels of ammonia were detected but there was no production of oxalic acid like the earlier medium supplemented with casein (1%). The pH and ammonia concentration obtained indicated no such correlation with the protease production. Entomopathogenic fungus B. bassiana was observed to produce moderate amounts of protease at pH 7 in unbuffered medium after 72 h of incubation [22] .
Protease Activity gel (GAGE)
A 97 kDa band was observed for all the isolates in the activity zymogram. An additional 81 kDa protease was observed for all the isolates except isolate UM4. Isolate UM13 showed an additional 66 kDa native protease (Fig. 1a, b) . Isolate UM4
showed a single band of 97 kDa and isolate UM13 showed three bands of sizes, 97, 81 and 66 kDa respectively. The rest of the isolates showed two bands (97 and 81 kDa).
In conclusion, the results represented in this study would increase the knowledge about the degree of protease production from various M. anisopliae isolates, the incubation time and various media. The Pr1 and Pr2 production by M. anisopliae isolates could lead to new course of understanding of the role of proteases in virulence of the entomopathogenic fungi. 
